Maniraptoriformes, the speciose group of derived theropod dinosaurs that ultimately gave rise to modern birds, display a diverse and remarkable suite of skeletal adaptations. Apart from the evolution of flight, a large-scale change in dietary behavior appears to have been one of the main triggers for specializations in the bauplan of these derived theropods. Among the different skeletal specializations, partial or even complete edentulism and the development of keratinous beaks form a recurring and persistent trend in from the evolution of derived nonavian dinosaurs. Therizinosauria is an enigmatic maniraptoriform clade, whose members display these and other osteological characters thought to be correlated with the shift from carnivory to herbivory. This makes therizinosaurians prime candidates to assess the functional significance of these morphological characters. Based on a highly detailed biomechanical model of Erlikosaurus andrewsi, a therizinosaurid from the Upper Cretaceous of Mongolia, different morphological configurations incorporating soft-tissue structures, such as a keratinous rhamphotheca, are evaluated for their biomechanical performance. Our results indicate that the development of beaks and the presence of a keratinous rhamphotheca would have helped to dissipate stress and strain, making the rostral part of the skull less susceptible to bending and displacement, and this benefit may extend to other vertebrate clades that possess rhamphothecae. Keratinous beaks, paralleled by edentulism, thus represent an evolutionary innovation developed early in derived theropods to enhance cranial stability, distinct to postulated mass-saving benefits associated with the origin of flight.
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functional morphology | computer modelling | finite element analysis T he evolution from nonavian to avian theropods (birds) is defined by a plethora of anatomical and functional specializations, many of which have been linked to the evolution of flight (1-3). However, several skeletal traits and adaptations, gradually acquired within distinct clades of Maniraptoriformes, appear to have been induced by or sparked dietary diversification (4) . Many of these morphological characters are now thought to be closely associated with a trophic shift from carnivory to omnivory or herbivory (5) (6) (7) and are regarded as the result of correlated character evolution, occurring independently in three or perhaps as many as five lineages of Maniraptoriformes, suggesting a role of these characters in the functional acquisition of herbivory (4) . Most obvious is the trend toward tooth reduction, which ultimately leads to partial or complete edentulism, and is paralleled by the appearance of a beak-like keratinous rhamphotheca. Edentulism has occurred independently multiple times in tetrapod history, usually accompanied by the abandonment of obligate carnivory (8) . Apparently freed from functional constraints associated with a carnivorous diet, this permitted diversification of skull and beak shapes, particularly among extant and extinct birds (9) . Biomechanical studies on extant birds have indicated a functional benefit of rhamphothecae and beaks other than weight reduction (10, 11) . However, the functional role of edentulism and (keratinous) beaks in the evolution of herbivory from a macropredaceous heritage is still unclear.
Therizinosauria-an enigmatic clade of maniraptoriform dinosaurs, restricted to the Cretaceous of Asia and North America-is a prime example for the diverse skeletal modifications occurring in the maniraptoriform bauplan. Their basal position among Maniraptora (12) makes therizinosaurians of special interest in terms of the evolutionary functional relevance of these features. Due to their highly unusual and peculiar skeletal morphology, therizinosaurians have been the focus of many taxonomic and paleoecological controversies since the discovery of the first specimens. Numerous discoveries in recent decades have substantiated therizinosaurians as specialized, even bizarre, theropod dinosaurs (12) (13) (14) . Derived members of this clade are characterized by a suite of osteological features in the cranial and postcranial skeleton that are highly divergent from those of typically carnivorous theropods, such as (i) numerous, small, lanceolate teeth; (ii) a medial deflection of the tooth row; (iii) an edentulous premaxilla and dentary tip, suggesting the presence of a rostral rhamphotheca; (iv) hypertrophied manual unguals; and (v) a broad, opisthopubic pelvis.
Triggered by this unusual morphology, in particular of the cranial skeleton, a range of trophic and ecological theories have been proposed over the years. Although the suggested interpretations of dietary behavior for therizinosaurians range from amphibiotic piscivory (15) to terrestrial or arboreal insectivory (16) , derived therizinosaurs are now generally regarded as having been predominantly herbivorous (4, 7) . Moreover, none of these hypotheses have been tested quantitatively in a functional context.
The therizinosaurid Erlikosaurus andrewsi, from the Upper Cretaceous (Cenomanian-Turonian) Baysheen Tsav locality of Mongolia, is the only example of a nearly complete and three-
Significance
Edentulism and beaks (rhamphothecae) are distinguishing features among extant birds and are traditionally regarded as a response to weight-saving demands for the evolution of flight. However, keratin-covered beaks paralleled by edentulism appeared in non-avian theropod dinosaurs and as early as the Early Cretaceous. Here, high-resolution, digital biomechanical models of the skull of the Cretaceous therizinosaur Erlikosaurus andrewsi are used to investigate the functional significance of these morphological specialisations and adaptations occurring in non-avian, maniraptoriform dinosaurs. Results of finite-element analyses provide evidence that keratinous beaks play an important role in enhancing cranial stability by mitigation stress and strain during feeding and represent an evolutionary innovation developed early in derived theropod dinosaurs.
dimensionally preserved skull of any therizinosaurian (17) . Representing the cranial adaptations found across different clades of Maniraptoriformes, it provides a unique opportunity to test the biomechanical behavior of a beaked theropod and to investigate the functional consequences of tooth reduction and the development of a keratinous rhamphotheca: characteristic features, which have a plesiomorphic distribution among Maniraptoriformes and patchy distribution in Mesozoic birds before becoming autapomorphic traits in Neornithine birds (4, 9) . Focusing on a single taxon allows controlled hypothesis testing of models of beak evolution without the confounding effects of interspecific differences in geometry. Based on high-resolution CT scans of the original specimen, the cranial skeleton, the jaw adductor musculature, and the keratinous rhamphotheca of E. andrewsi ( Fig. 1 ) have been digitally restored in high detail (18) .
Here, we perform a functional analysis of the skull and lower jaw of E. andrewsi, using detailed simulations of the cranial hardand soft-tissue structures. Using 3D finite-element analysis (FEA), a computational technique developed to predict the distribution of stress and strain in complex geometric objects, we are able to compare and evaluate the biomechanical performance of different morphological configurations. Alongside the restored morphology, different hypothetical models based on alternative interpretations of osteological correlates are tested. The results of these tests shed light on the functional significance and mechanical benefits of edentulism and a keratinous rhamphotheca, which in turn provides the functional context for interpreting dietary shifts in derived nonavian theropods and birds.
Results
Different morphological configurations were tested for the skull (restored skull without rhamphotheca, skull with small rhamphotheca, skull with large rhamphotheca, and fully dentigerous model) and the lower jaw (restored lower jaw, lower jaw with rhamphotheca) (SI Appendix, Tables S1-S3), simulating different biting scenarios (snout tip, rostralmost tooth position, caudalmost tooth position, as well as an intermediate tooth position for the lower jaw). To investigate the effects of the postcranial musculature, further scenarios simulating the action of neck musculature were tested.
Restored Skull Model. FEA results for the restored skull model showed that the distribution of stress, strain, and displacement are highly variable for the three different bite scenarios and are strongly dependent on the bite position ( Fig. 2 and SI Appendix, Figs. S1A and S2). The simulated bite at the tip of the snout recorded the lowest Von Mises stress, strain, and displacement, whereas the individual magnitudes significantly increased for the rostral-and caudal-bite scenarios. In the first load case (tip of the snout), peak stress and strain were restricted mainly to the premaxilla and the nasal, with maximum displacement found in the rostral snout region ( Fig. 2A ). With the shift of the bite point to the rostralmost ( Fig. 2E ) and successively to the caudalmost teeth ( Fig. 2I ), the skull roof (in particular, the frontals and the parietal) and the bones surrounding the antorbital fenestra displayed high stress and strain. Displacement is highest in the caudal-bite scenario and similarly affects the antorbital region, whereas the caudal part of the skull and the braincase showed no or only moderate displacement.
Rhamphotheca-Bearing models. The two skull models equipped with a keratinous rhamphotheca displayed a similar pattern of stress distribution to the restored skull model. Stress, strain, and displacement increase considerably with a more caudal biting position ( Fig. 2 and SI Appendix, Fig. S2 ). In comparison with the restored skull model, however, individual magnitudes were generally lower in the models bearing a rhamphotheca (SI Appendix, Fig. S1B ). In particular, the simulated bite scenario at the rhamphotheca-covered tip of the snout recorded lower Von Mises stresses and displacement, which is most pronounced in the model bearing the larger rhamphotheca ( Figs. 2 and 3 ). For the caudal-bite scenario, the presence of a keratinous sheath did not mitigate stress and displacement, regardless of the extent to which the rhamphotheca covers the premaxilla or maxilla ( Fig. 2 J, K, V, and W). Although overall stress and displacement were reduced in the two rhamphotheca models in both the bone and the keratinous material, strain was considerably increased within the keratinous structure itself when loaded directly, such as in the beak-bite scenarios. Underlying bone, however, showed reduced stress and strain ( Fig. 3 ).
Dentigerous Model. The different bite simulations for the dentigerous model (that simulates the plesiomorphic presence of teeth in the edentulous premaxilla) largely followed the trend of the aforementioned models, with stress and strain values increasing with caudally shifting bite position ( Fig. 2) . As in the rhamphotheca-bearing scenarios, stress, strain, and displacement were mostly lower than in the restored skull model. Again, this stress-and-strain mitigating effect was lost for the caudal-bite scenarios, which showed a stress distribution pattern comparable to the restored skull model. The only exception was the model loaded at the first maxillary tooth, which shows highly increased displacement centered around the tip of the snout rostral to the bite point ( Fig. 2T ).
Lower Jaw Models. Compared with the simulations for the restored skull, the lower jaw model recorded considerably higher stress and strain magnitudes in all four bite scenarios than in the skull models ( Fig. 4 and SI Appendix, Fig. S3 ). This trend was to be expected, as the mandibles transmit the bulk of the muscle forces and are thus more strongly affected by the generated bite forces. Stress, strain, and displacement increased as the bite point shifted caudally. Peak stress and strain occurred primarily in the caudal region of the mandible (surangular, prearticular, angular) and the caudal portion of the dentary. The highest magnitudes (stress, strain, and displacement) were found in the bite scenario loading the fifth dentary tooth, which forms the counterpart to the first maxillary tooth ( Fig. 4 C and K) . The caudalmost bite point, however, appeared to affect mainly the caudal region of the mandible, leaving the dentary relatively unstressed ( Fig. 4 D and L). Unlike in the skull models, the attachment of a keratinous sheath to the lower jaw had nearly no effect on mitigating stress or strain ( Fig. 4 E-H and M-P).
Neck Muscles. The bite scenarios incorporating an interaction between the jaw adductor and the neck muscles in simulation of a pull-back motion, displayed among the lowest stress and strain magnitudes for all tested loading scenarios (Fig. 5 ). The magnitudes are comparable with the beak-bite scenarios for the restored skull model and the rhamphotheca models, although the distribution of stress, strain, and displacement is more homogenous in the neck muscle models. In the latter, peak stress and strain centered around the skull roof and the lateral braincase walls ( Fig. 5 A and E). In the models incorporating a rhamphotheca, strain magnitudes were increased in the keratinous material ( Fig. 5 B and F) .
It is noteworthy that the bite scenarios for the neck muscles alone resulted in higher peak stress and strain in the skull roof ( Fig. 5 D and H) . Displacement was similarly increased compared with the combined loading of the adductor and neck musculature.
Discussion
The results of our FEA models show that peak stress and displacement demonstrably increase with the shifting of the bite location from the edentulous part of the snout to the caudally located tooth-bearing elements. Although bite forces are relatively low in E. andrewsi compared with other (carnivorous) theropods (18) (19) (20) , these forces have a considerable effect on the distribution of stress in the cranial skeleton. Although care should be taken when relying on absolute values derived from FEAs (21) , the comparative context of the different bite scenarios clearly shows that the cranial structure would have had to withstand increased stress and strain in each of the tooth-biting scenarios. The absence of wear facets on the individual teeth of E. andrewsi, the lack of tooth occlusion between the maxilla and the dentary, and the low tooth-replacement rate in E. andrewsi, particularly in the caudal part of the tooth row of the maxilla and the dentary (17) , suggest that biting and food processing were most likely restricted to the edentulous tip of the snout, rather than active mastication involving teeth-a finding consistent with the results of the FEAs presented herein.
In other theropod clades, and in fact in most dinosaur groups in general (22, 23) , tooth loss is usually accompanied by the development of a rostral beak (24) (25) (26) . Both FE models incorporating such a structure in the Erlikosaurus skull models demonstrate that the presence of a keratinous sheath would help to reduce Von Mises stress and strain in the underlying bone. Although strain (both maximum and minimum principal strain) is increased in the rhamphotheca itself, the softer keratin sheath mitigates strain better (10) than does the more brittle bone, protecting the latter from fracturing. This effect is most notable for the bite simulations at the tip of the snout and the rhamphotheca, whereas stress and strain distribution and magnitude are unaffected in the caudal biting scenarios. Regardless of the size of the rhamphotheca, displacement is noticeably reduced in all modeled bite scenarios where a rhamphotheca is present.
In this context, it is worth noting that the hypothetical, fully dentigerous model in this study also recorded lower stress, strain, and displacement magnitudes in the premaxilla. This result is not completely unexpected, given that the thickness of the respective bone was artificially increased. However, in comparison with the rhamphotheca models, the stress-mitigating effects are only localized to the reinforced elements of the snout and are more prone to displacement. Furthermore, rather than dissipating stress and strain, the increase in thickness of an isolated structure could also result in elevating stress and strain magnitudes (27) in other (adjacent) elements, as probably occurred in the model simulating a bite at the fifth maxillary tooth (Fig. 2T) .
In contrast to the skull, the lower jaw models are more sensitive to stress and strain, which is concentrated in the caudal part of the mandible. This sensitivity appears to be a direct result of the adductor muscles acting on the insertion points. Although the presence of a large patent suture at the intramandibular fenestra was not incorporated into the model, it would have no effect on the elements bearing the muscle attachment sites, as it is located rostral to the muscle insertions.
However, due to its geometric arrangement, the rostral tip of the snout produced the lowest bite forces in Erlikosaurus (18) . Assuming that food processing was restricted to the edentulous part of the snout, Erlikosaurus would have had only used a fraction of the available muscle force when cropping vegetation. Such low bite forces might not have been sufficient to bite through thicker foliage and food particles (28) . Feeding mechanisms in several other (carnivorous) theropods involve the interaction between the jaw adductors and the cervical musculature (20, 29, 30) , and it appears likely that E. andrewsi could have harnessed the neck muscles in a similar way to compensate for the low bite forces without notably increasing cranial stress at the same time. Even though estimated adductor muscle are considerably higher than the maximal possible bite forces (SI Appendix, Table S4 ), results of our FEAs show that such a muscle-driven neck-pull mechanism would cause only minimal additional stress and strain across the cranial skeleton, as long as the adductor muscles are contracting. However, the action of the cervical musculature alone would result in increased cranial stress and necessitates the tension of the adductor musculature to provide an antagonistic bracing system. Phylogenetically constrained by a general theropod bauplan, Erlikosaurus, and presumably also other maniraptoriform taxa, could have harnessed the postcranial musculature to compensate for the relatively low bite forces and meet the functional demands of cropping foliage and stripping leaves of branches, thus adapting an inherited morphological and functional system for modified ecological demands.
In Avialae, tooth loss, paralleled by beak development, is generally assumed to represent a response to the requirement for weight reduction to enable flight (9, 31) . However, the results for E. andrewsi indicate that weight (mass) saving was only minimal (SI Appendix, Table S1 ) and that a more extensive rhamphotheca would actually have increased the weight (mass) of the cranium. Rather, the development of a keratinous rhamphotheca lowers cranial stress and strain and could also have served the purpose of increasing cranial stability and thus flexibility. As such, keratinous beaks are lightweight in terms of their strength-to-weight ratio, even though their actual weight might be greater than that of teeth (32) . Derived bird beaks circumvent this problem, as a potential increase in weight is compensated for by the reduction in volume or thickness in the underlying bones or specialized lightweight structures (9, 11) .
Evidence, from both this biomechanical study and the osteology (lack of wear facets, tooth occlusion, tooth replacement) of Erlikosaurus, suggests that the tip of the snout (i.e., edentulous premaxilla plus overlying rhamphotheca) was used as the main device to procure and process food. The presence of a keratinous rhamphotheca in this region would have helped to dissipate and absorb stress and strain while making the snout less susceptible to bending and displacement. As an ever-growing material, keratin has the advantage over bone that it is able to rapidly repair fractures and has a slower crack propagation rate, thus reducing the risk of constant damage (33) .
Basal taxa in various maniraptoriform lineages display functional analogs to a rostral beak formed by the premaxillary teeth (4, 34, 35) . This fact might indicate that basal members in various groups experimented with various teeth configurations to create a more beak-like cutting surface. Such a design would functionally be more favorable than discrete tooth elements, particularly as these beak analogs would have to perform a different function in herbivores. This trend further corroborates the possibility that the rostral region of the skull played an essential role in food gathering for these taxa, which was then replaced by a keratinous structure in the course of evolution.
However, this has even further, macroevolutionary implications and the functional and ecological transition occurring in Maniraptoriformes. Nearly all basal avialans are considered to be herbivorous, and various phylogenetic analyses have recovered this group outside of Deinonychosauria (36, 37) , which potentially had reacquired carnivory secondarily. This fact would not only make herbivory but also the appearance of edentulism and keratinous beaks homologous throughout the lineage leading up to basal Avialae. Similar to the evolution of feathers, beaks might not necessarily have served the same function in nonavian theropods as they do in extant birds-namely the additional advantage of weight reduction for flight-but rather to reduce stress and strain in the cranial skeleton. Apart from birds, edentulism and beaks have appeared in multiple lineages in tetrapod history, all of which do not fly.
Materials and Methods
Skull Models and Digital Reconstruction. The digitally restored model of the skull and lower jaw of E. andrewsi are based on CT scans of the original specimens (IGM 100/111; Geological Institute of the Mongolian Academy of Sciences, Ulaan Bataar, Mongolia), performed at X-Tek Systems (now Nikon Metrology). The specimens were scanned with a XT-H-225ST CT scanner, set at 180 kV and 145 μA for the complete skull and lower jaw. The resulting rotational projections were processed with custom built software provided by X-Tek Systems, creating VGI and VOL files, which contain 1,998 slices with a slice thickness of 145 μm for the complete skull the lower jaw. The final slice datasets were imported into Avizo (Versions 6.3.1. and 7.0.0 VSG; Visualization Science Group) for image segmentation and digital reconstruction.
Although the skull and lower jaw of E. andrewsi are well preserved and mostly complete, the digital model required moderate reconstruction to accurately represent the inferred life morphology. To achieve this, each individual element of the specimen was separately labeled and isolated using Avizo's segmentation editor. Where necessary, breaks and cracks were digitally removed, and distortions or deformations were digitally corrected. For the last step, the individual cranial elements were reassembled and articulated into the final model, following a protocol outlined in ref. 18 . The restored model bears 24 teeth in the maxilla and 32 in the dentary. The premaxilla and the ultimate tip of the dentary are edentulous (17, 18) .
In addition to the restored skull configuration, two (hypothetical) skull models and a lower jaw model bearing a keratinous rhamphotheca were created in Avizo. A keratinous layer of ∼3 mm thickness was modeled. The different morphologies of the rhamphothecae on the skull bracket the different interpretations of osteological correlates and cover the underlying bones to varying extents (SI Appendix, Fig. S4 ).
Among the individual maniraptoriform lineages, the basalmost taxa are characterized by an increased number of teeth in the premaxilla and maxilla and/or a marked heterodonty (34, 38) . Due to the lack of preserved cranial remains, information on the basal condition in Therizinosauria is unavailable. Thus, a further hypothetical model was created in Avizo, using the restored model of E. andrewsi as a template, incorporating teeth in the premaxilla and the maxilla to simulate a phylogenetically more basal, fully dentigerous condition, whereas the remaining parts of the osteology remained unchanged. This model has three additional teeth in each maxilla and seven teeth in the premaxilla. The respective teeth were duplicated from preserved rostral teeth in the maxilla. The thicknesses of the bone regions bearing these modeled teeth were increased in accordance with regions with preserved teeth. Adductor Musculature and Bite Force. To gain reliable and approximately accurate values for the muscle and bite force calculations (SI Appendix, Table  S3 ), the adductor musculature of E. andrewsi was digitally reconstructed in Avizo. 3D reconstructions of each muscle were created based on osteological correlates of the original specimen and the restored skull model, respectively, as well as topological and neurovascular criteria. For a detailed description of the muscle reconstruction process, see ref. 20 .
Due to the lack of preserved elements, the full extent of the neck musculature could not be reconstructed accurately. The muscle force estimates for the respective model are thus based on generalized muscle attachment sites at the back of the skull only (SI Appendix, Fig. S5 ).
FEA. The different surface models of the skull and lower jaw of E. andrewsi were imported into Hypermesh (Versions 10 and 11; Altair Engineering) to create solid mesh FE models, consisting of ∼2,000,000 four-noded tetrahedral elements (tet4) for the skull models and 1,000,000 elements for the lower jaw models (for details, see SI Appendix, Table S1 ). Convergence and sensitivity tests were performed to gauge accuracy and variation for different model sizes and element types. For the two models bearing a rhamphotheca, the keratinous layer was attached directly to the bone, so that both materials share nodes along the contact zone. Although the rhamphotheca of modern birds forms a complex, multilayer structure, here it was modeled as a single, homogenous isotropic layer connected via shared nodes to the bone. Validation experiments on the beaks of extant finches have shown that these assumptions yield high correlations between ex vivo experimental displacements and displacements from skull and beak FE models (R 2 = 0.97 for loading at the anterior rostrum, R 2 = 0.89 loading elsewhere along the beak). Thereby our methodology for FE model construction can be considered valid and biologically realistic (10) .
Material properties were assigned in Hypermesh for three different tissue types, which were treated as isotropic and homogenous: cranial bone, enamel, and keratin. In the absence of exact material properties for fossil bone, enamel, and keratin, extant analogs for alligator mandibles (E = 20.49 GPa, ʋ = 0.40) (39), crocodile teeth (E = 60.40 GPa, ʋ = 0.31) (40), and bird beaks (E = 1.04 GPa, ʋ = 0.40) (41) were used. The skull models were constrained from rigid body motion in all directions (X,Y,Z) at the occipital condyle (six nodes), the condyles of the mandibular capitulum of the quadrates (seven nodes on each side), and (with the exception of the neck muscle models) the paroccipital processes (seven nodes on each side), reflecting attachment to the vertebral column, the lower jaw, and the cranial musculature. The models for the lower jaws were constrained at the glenoid region (nine nodes on each side; compare also SI Appendix, Tables S1-S3).
All models were imported into Abaqus (Version 6.10; Simulia) for analysis and postprocessing. Three different sets of linear simulations were solved for each of the skull models: (i) simulated bilateral biting at the tip of the snout with constraints (simulating the bite point) applied at five nodes along the rostroventral margin of the premaxilla or the rhamphotheca respectively (for the model bearing teeth in the premaxilla, constraints were applied to the two rostralmost teeth on each side); (ii) simulated bilateral biting at the first maxillary tooth on each side; and (iii) simulated bilateral biting on the last maxillary tooth on each side. For the lower jaw models, bilateral biting was simulated at (i) the tip of the dentary or the rhamphotheca with constraints applied to five nodes; (ii) the first dentary tooth on each side; (iii) the fifth dentary tooth on each side, as this tooth position occludes with the first maxillary tooth; and (iv) the last dentary tooth on each side. Bite points parallel the calculated bite forces for E. andrewsi in ref. 18 . Additional simulations were solved incorporating the neck musculature: (i) adductor and neck muscles and (ii) neck muscles only. 1 F ig. S1. (A) Von Mises stress (solid lines) and displacement (stippled lines) magnitudes in the restored skull model for four different bite scenarios along eleven distinct measurement locations (aligned with the respective position on the skull in the background, comp Table S5 ). (B). Displacement in the four different skull configurations for simulated bite at the tip of the snout (solid lines), the first maxillary tooth (large stippled lines), and the last maxillary tooth (small stippled lines). F ig S5. Generalized attachment sites of the neck musculature for muscle force calculations (Table   S4 ).
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